We compared the effects of dimeric marine toxins, bistheonellide A, and swinholide A, on actin polymerization. Bistheonellide A and swinholide A possess two identical side chains with similar structures to those of other marine toxins, mycalolide B, and aplyronine A. By monitoring changes in fluorescent intensity of pyrenyl-actin, bistheonellide A was found to inhibit polymerization of G-actin and to depolymerize F-actin in a concentration-depen dent manner. The relationship between the concentration of bistheonellide A and its inhibitory activity on actin polymerization suggested that one molecule of bistheonellide A binds two molecules of G-actin. We demonstrated by SDS-PAGE that the complex of G-actin with bistheonellide A, swinholide A, or mycalolide B could not interact with myosin. No evidence was found that bistheonellide A severs F-actin at the concentrations examined (molar ratio to actin; 0.025-2.5), while swinholide A showed severing activity, although it ,was weaker than that of mycalolide B. We also demonstrated that the depolymerizing effect of bistheonellide A or mycalolide B is irreversible. Bistheonellide A increased, while swinholide A decreased, the rate of nucleotide exchange in G-actin, suggesting that binding of these toxins induces different conformational changes in the actin molecule. These results suggest that bistheonellide A intervenes between two actin molecules, forms a tertiary complex with each of its side chains bound to G-actin, and inhibits polymerization by sequestering G-actin from incorporation into F-actin. A difference in structure at the end of the side chain between dimeric macrolides and mycalolide B may account for the weak severing activity of the former. lide B is comparable to the action of such endogenous "nibbling proteins" (5) as depactin (6) , destrin (7), or actophorin (8), but distinct from the capping activity of cytochalasins (9) (10) (11) . Furthermore, cytochalasin D (4, 9-11) but not mycalolide B (4) promotes actin nucleation. We also found that a novel marine toxin, aplyronine A, isolated from the sea hare Aplysia kurodai, is similar in the structure and effect to mycalolide B (12) . Bistheonellide A is a unique macrolide having a dimeric structure. Each monomeric unit contains a motif which is common to mycalolide B or aplyronine A (Fig. 1) . Recently, Bubb et al. (13) have shown that a dimeric macrolide, swinholide A, severed F-actin, and bound to G-actin in a 1: 2 molar ratio. The structure of swinholide A is similar to that of bistheonellide A (Fig. 1) , possessing two identical side chains. Each chain resembles that of mycalolide B and aplyronine A. To determine the structures of macrolide that are responsible for the binding and sequestering of G-actin, and the severing of F-actin, we compared the inhibitory effects on actin of bistheonellide A, swinholide A, and mycalolide B. compared the effect of bistheonellide A with that of swin holide A on actin polymerization (Fig . 4B) . Although the final level of polymerization was the same, polymerization of swinholide A-treated actin was faster than that of bistheonellide A-treated actin. The effects of bistheonellide A and swinholide A on F-actin are shown in Fig. 5A . The effect of mycalolide B is also shown for comparison. F-Actin was diluted with buffer G to a final concentration of 120nM in the presence and absence of each compound (60nM bistheonellide A , 60nM swinholide A, or 120nM mycalolide B) and spontaneous decrease of the fluorescent intensity was then monitored. Since the velocity of the decay of the fluorescent intensity is proportional to the number concentration of F-actin, shortening of the half-time of the decrease of the fluores cent intensity indicates an increment in the number concen tration of F-actin by severing effects (4) . Figure 5A indi cates that bistheonellide A did not increase the number concentration of F-actin at the concentration examined.
In the next experiment, we examined the concentrationresponse relationship of these compounds in severing Factin (Fig. 5B ). F-Actin was diluted with buffer G to a final concentration of 30nM in the presence of various concen trations of macrolides. Mycalolide B most rapidly shor tened the half-time of decay of the fluorescent intensity by dilution, even in a molar ratio to actin of less than 0.5. Swinholide A also decreased the half-time. However, bistheonellide A was almost ineffective (Fig. 5B) . Furthermore, we compared the severing effect of mycalolide B with those of bistheonellide A and swinholide A (Fig. 5C ). FActin was diluted with buffer G to a final concentration of 20 6B, only the sonicated sample retained the capacity to polymerize. Effect of Bistheonellide A on the Nucleotide Exchange Rate in G-Actin-Nishida (22) demonstrated that the Gactin-sequestering proteins change the rate of nucleotide exchange in G-actin. We investigated such effect of bis theonellide A by probing with a fluorescent analog of ATP, E ATP. Figure 7A shows that the binding of bistheonellide A increased the nucleotide exchange rate. On the other hand, swinholide A suppressed the rate (Fig. 7B) , as reported for mycalolide B and aplyronine A (12).
DISCUSSION
In this study, we found that bistheonellide A inhibited actin polymerization in a concentration-dependent manner. Bistheonellide A also increased the critical concentration of actin for polymerization to a level higher than the concen tration of added bistheonellide A, but lower than the twice the added bistheonellide A concentration (Fig . 3A) . Figure  3B shows that bistheonellide A inhibits actin polymeriza tion, at a concentration of half that of the F-actin fraction. We also performed binding assay using ultrafiltration and HPLC as described by Goddette and Frieden (19 -quently increase the velocity of actin polymerization. As shown in Fig. 5 , mycalolide B and swinholide A shortened the half-time, while bistheonellide A showed almost no effect. This result suggests that the different effects on the rate of F-actin depolymerization between bistheonellide A and swinholide A (see Fig. 4A ), as well as the difference in their inhibitory effects on actin polymerization (Fig. 4B) , are due to a difference in their severing activities. Bistheonellide A depolymerized F-actin in linear man ner, showing the half-maximal effect at a molar ratio of bistheonellide A to actin of approximately 0.25. However, no severing effect was observed as reported previously (30) , even at a molar ratio of more than 1. Although mycalolide B also depolymerized F-actin in linear manner (4), its severing effect was not linear, the half-maximal effect being observed at the molar ratio of mycalolide B to actin of approximately 0.01 (Fig. 5B) . On the other hand, the F-actin capping agent cytochalasin D maximally inhib ited actin polymerization at substoichiometric concentra tions (4). This is probably because one molecule of capping agent is sufficient for one F-actin molecule to depolymerize, although one F-actin molecule contains several hundred actin molecules (31, 32) . Like the capping agent, it seems that one severing agent is sufficient to sever one F-actin, as mycalolide B demonstrated maximal severing effect at substoichiometric concentrations (Fig. 5B) . Compared with mycalolide B, swinholide A has approximately 100 times lower ability to sever F-actin (Fig. 5B) . The absence or weakness of severing activity in bistheonellide A and swinholide A maybe the result of either (i) the weakness of their binding (low affinity) to F-actin, or (ii) their low ability to induce conformational change of actin protomer to nibble it from F-actin. In the former case, these compounds would be displaced by a severing agent with higher affinity to F-actin if these two types of compounds shared the same binding site on actin. In the latter case, these compounds would inhibit the severing agent if they already occupied the common binding site on actin. As shown in Fig. 5C , the presence of bistheonellide A or swinholide A (at the same concentration as actin) had no inhibitory effect on the mycalolide B-induced increment of depolymerizing rate, i.e., a one-quarter concentration of mycalolide B can easily overcome the action of bistheonellide A or swinholide A. Mycalolide B and bistheonellide A appear to share the same binding site on actin, since both can inhibit the binding of biocytinylated mycalolide B-analogue to G-actin (33) . Therefore, this result suggests that bistheonellide A and swinholide A have lower affinity than mycalolide B to F-actin.
The F-actin capping agent cytochalasin D had little inhibitory effect on F-ADP-actin polymerization (Fig. 6A) , since its effect depends on the difference in critical concen tration between the two ends of F-actin (21) . On the other hand, bistheonellide A depolymerizes F-ADP-actin, which suggests that it acts to depolymerize F-actin not via capping but by sequestering G-actin to prevent its interaction with F-actin. Figure 6B suggests that this macrolide-G-actin complex can never polymerize, but the possibility that these macrolides denatured actin to prevent polymeriza tion cannot be excluded.
Bistheonellide A and swinholide A have identical side chains ( Fig. 1) , form tertiary complexes with two G-actin molecules, and sequester G-actin from polymerization.
However, swinholide A, but not bistheonellide A, has a severing effect, even though it is weak. Swinholide A decreased the rate of nucleotide exchange (Fig. 7B) , as reported for mycalolide B and aplyronine A (12), while bistheonellide A increased it (Fig. 7A) . Binding of these macrolides to G-actin may elicit different conformational changes in actin, and this may account for the different severing activities of these dimeric macrolides.
Bistheonellide A, swinholide A, mycalolide B, and aply ronine A have a common motif: C-19 to C-25 of bistheonel lide A, C-21 to C-27 of swinholide A, C-24 to C-30 of mycalolide B, C-23 to C-29 of aplyronine A, and an ester structure involving C-1 of the macrolide ring (Fig. 1) . These common structures may be necessary for binding to G-actin but not for severing F-actin. Bistheonellide A has the same structure as swinholide A except for the lack of C-2 and C-3. Therefore, the absence of these two carbons may account for attenuation of severing activity for Factin. By deletion of these carbons, the methyl group at C-4 of swinholide A is shifted to C-2 in bistheonellide A. Since other macrolides with severing effects do not have a methyl group in this position, this methyl group in bistheonellide A may abolish the severing activity. The weaker severing activity of swinholide A compared with mycalolide B and aplyronine A may be due to the tetrahydropyran ring, which is open and contains a few carbons between N-meth yl-formylamide in mycalolide B or aplyronine A.
In conclusion, bistheonellide A inhibited actin polymer ization by forming a complex with G-actin. This effect is similar to those of mycalolide B, aplyronine A, and swin holide A. Bistheonellide A has two copies of the actinbinding motif common to mycalolide B and aplyronine A, and it bound to actin in a molar ratio of 1:2. Its severing effect on F-actin was weakest among these four macrolides. These results suggest that bistheonellide A, mycalolide B (4), aplyronine A (12), swinholide A (13), and tolytoxin (34) compose a family of "actin-depolymerizing macro lides." The side chain common to these macrolides may account for the actin-binding activity.
